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TORSION TFSTS OF TUBES

By Ammom H. STANQ,W,immz RAmBRG, and GOLDJEBACK

SUMMARY

Torsion teats of 63 chromium-molytxienum ete.d tuba
and 102 17ST aluminum-alloy tubes of vurioue eizee and
lengths W.9’enude to 8tUdy he? &@d#G8 Of the to?’simd

sirength on boththe dimerwiom of the tube and the phyei.cal
properties of the tube mater-id. Three types of failure
werefownd to be important for tiztx of twb~ frequently
wed in airera~ conatructhn: (1)faih.re by pk.d.c 8heai,
in which the tube maieriu.1 reuched de yield 8trength
beforethe eritiad torque w reached; (3)faihme by el.cutie
two-lobe buckling, which dep& only on th-e ei?u.stti
propertti of the tube maieriu.1and -tIudimewimw of the
tube; and (3)failure by a combin.aiionof (1) and (2?),that
is, by buckling taking plum am 8ome yia?din.gof the
tube mule%?.

An adequate theory emk%for qiuiningjai.lure by (1)
or (g). Mo8t of tha tubesfaikd by th combinedfai-hwe
(3), for which a thareticu.?8oI?uti0n8eenwunultainable d
this time. An andyeik of th8 dda 8iknoed thd tb tor-

8ional 8trength of the tubes d be expre88ed by an
empiric-alformula involrn~ only the temnle properties oj
tb tube muteriid in addition to the dimerwiom of the tube.
Deeign Ghan%were convpddfiom thti empirieul formula
and a number of uampl.tx were worked oui tofaoili.tde tlw
applicatwn of tlw churt8.

INTRODUC’ITON

Thin-wall tubes are COKLUIIOdy used in airplanes to
transmit torques to the ailerons and other control sur-
faces. It is well known that the msximum fiber stress
in torsion that m thin-wall tube will support depends
on the ratio (t/D) of its wall thicknem to its diameter.
Teats have been made (references 1, 2, 3, and 4) to
determine the relationship between torsional strength
and t/D ratio for tubes of various materials, but the
available datn resultinghorn these testswere inmdiicient
to lead to general conclusions or even to determine a
fairly accurate dwign formula for a given material

It seemed desirable, therefore, to oarry oujt a
series of tests with a sutliciently hwge number of tubes
of vmious lengths and t/D ratios and, if possible, of
several materials to supply such data. The present

‘eport describes the results of tweion tests of 63
:hromium-molybdenum steel tubes and 102 tubes of
17ST ahuninum dOy. These tests were made at the
rational Bureau of Standards with the cooperation of
iheBureau of Aeronautics, Navy Department, and the
Yational Advisoq Committee for Aeronautics.

APPARATUS AND TESTS

TuBm

The lengths L of the steel tubes ranged from 19 to 60
riches, outside diametem D from ~ to 2%inches, thick-
MSSeSt from 0.03 to 0.125 inch, ~/D ratios from 0.0134
00.0840, and L/D ratios from 7.6 to 80.0. The alumi-
mm-alloy tubes were cut in lengths of 20 and 60 inches;
heir outside dirunetersringed from 1 h 2 inches, their
vail thicknesses from 0.019 to 0.221 inch, their t/D
‘atios from 0.0101 to 0.1192, and L/D ratios from 10.0 to
iO.2.

The fit five lengths (J&) BO, CO,DO, EO) of chro-
nium-molybdenum steel tubes used in the tests were
mrohased under Army Specification 57-180-2A; the
)ther tubes (l?Oto VO)were bought under Navy DepW
nent Specification 44T18. Table I shows that the
iensile properties required by these speoifioations are
he same. Somewhat higher properties axerequired by
he more recent Navy Department Specihation
14T18a, which is included in table I for the sake of
nmpleteness..

TABLE I.—MECHANICAL SPECIFICATION FOR
CHROM~M-MOLYBDENUM STEEL TUBES
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Navy MTl&------------------
Navy 4Tl~..–.-.-.-.-. -----

mom 10
e&COl %% 10 I

The aluminum-alloy tubes were contributed by the
W.uninum Company of America. They were manu-
factured to satisfy Navy Dep@ment Specification
14T21. The mechanical properties listed in this speci-
fication are given in table II.
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TABLE H.—MECHANICAL SPECIFICATION FOR
HEAT-TREATED ALUMINUM-ALLOY TUBES

Yiald

S@&db3n NLyIItiI #G% (I%%%) %’%s
(Cm## (*_q
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The chemical composition of a few of the steel tubes
was determined and the Vickem hardness numbers cad
tensile properties of each length of tube were obtained
before * out the torsion tests.

Table III gives the results of analyses made by the
Chemistry Division of the National Bureau of Stand-
ards on five of the steel tubes selected at random.

TABLE 111.-PERCENTAGE OF CHEMICAL ELEMENTS
PRESENT IN CHROMIUM-MOLYBDENUM STEEL
TUBES

sPd- fJ*bn %- ~p&
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SUlphrlr$= ?&y&
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~ ::
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s
.Ozl .018 .s8 .B

.32 .63 .023 .015 .97 .!23

No such analyses were made of the aluminum-alloy
tubes, but the nominal composition furnished by the
manufacturer is given in table IV.

TABLE lV.—NOMINAL CHEMICAL COMPOSITION OF
17ST TUBE9 AS GIVEN BY MANUFACTURER PER-
CENTAGE

c0p~---------------------------------------------------- 4.0
-=------------------------------------------------ .5
md~------------------------------------------- .6
Mtim ------------------------------------------------ 95.0

Vlckers hardness tests were made at both ends of
each tube. The results for the chromium-molybdenum
steel tubes are given in table V and those for the ahnni-
mun-alloy tubes in table VI. For the steel tubes the
Vlcka numbers varied from 204 to 311. The average
variation for a single tube was less than 5 percent and
in only one case (tube 00, 13.2 percent) did it exceed
10 percent. The Vickers numbers for the alum.inum-
alloy tubes varied from 125 to 142, the nwinmm varia-
tion for a single tube being less than 2% percent.

The dimensions of the chromium-molybdenum steel
specimens used in the torsion tests are included in table
VII and those of the 17ST aluminum-alloy specimens,
in table VIII, together with data obtained from the
torsion tests.

TBN~ TE9T3

Tensile tests were made on specimens 19 to 20 inches
long cut from each length of tubing. The specimens
were fitted with plugs S-imilarto those described in
Navy Department specification 44T18 and were held
in V-type jaws attached tmthe two heads of the testing
machine. A hydraulic machine of 100,000-pound

capacity was used to test all except one of the chro-
mium-molybdenum steel tubes; this one specimen was
tested in a machine of the lever type because its diam-
eter of 2fi inches w= too large for the jaws provided
with the hydraulic machine. All the aluminum-alloy
tensile specimens were tested in lever-type machines of
2,000-, 50,000-, and 100,000-pound cnpacity. All of
the steel specimens except &, DO, and E. were pre- ~
stressed in tension to about 30,000 pounds per square
inch. The prestrws.ingserved to seat the strain gages
and to cold-work the material sufficiently in the low-
stressrange to obtain from it an approximately straight
stress-slmin curve, from which the Young’s modulus of
the material could be derived. The aluminum-alloy
tubes had already been prestressed at the factory and
only enough load was put on the specimen before test
to seat the strain gages securely.

Tensile strains on the steel tubes were measured with
a Ewing extensometer using a 2-inch gage length
(mmllest scale division 0.0001 in./ii.) for specimens
1%inches in diameter or less, and with a Huggenberger
extensometer using a l-inch gage length (smallest scale
ditilon 0.00015 in./in.) for tubes of larger diameter.
Tuckerman optical strain gages with a 2-inch gage
length were used for all aluminum-alloy tubes. The
smallest scale division on the vernier of this gage corre-
sponds to a strain increment of 0.000002 in.ri. ‘

The strain gages on each of the tensile specimens
were placed 8 to 9 inches, or 4 to 9 diameters, away from
the jaws gripping both ends of the specimen. A study
of the stress distribution in a 2.5X0.032X36 inch tube
of chromium-molybdenum steel held between V-type
jaws making contact at opposite pairs of poi.nta 60°
apart had shown that the average of the strains at two
ends of any diameter in a cross section removed 3
diameters or more from the ends gave the same value
within the error of observation. At a cross section Iji
diameters from any pair of jaws the average strains
varied +6 percent about an average stress of 16,000
pounds per square inch and through +2.6 percent
about an average stress of 27,000 pounds per square
inch. From these observations it -wasconcluded that
the average strains as measured in the present series of
specimens from 4 to 9 diameters from the jaws were
correct within the error of observation. The contact
points of the jaws in these specimens were more than
60° apart except for some of the l-inch tubes for which
they were a little closer; in the latter case, however,
the gages were about 8 diameters away from the jmws.

From each stresi+straincurve the yield strength was
determined as the stiess at which the strain was 0,002
in./ii. in excess of the elastic strain with an resumed
Young’s modulus of 30X100 pounds per square inch for
the chromium-molybdenum steel tubes and tLmodulus
of 10X 10° pounds per square inch for the ahuninum-
alloy tubes. The values are given in table V for the
steel tubes and in table VI for the ah.uninunmlloy
tubes. It is seen that the yield strength of the steel
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tubes varied from 67,700 to 110,000 and that of the
aluminum-alloy tubes, from 44,300 to 50,000 pounds
per square inch.

Young% modulus E was obtained by plotting against
stress u the di.flerenceA~ between the observed strain
and that computed from an assumed modulus G of
30X 10epounds per square inch in the case of the steel
tubes and a modulus of 10X 10°pounds per square inch
in the case of the aluminum-alloy tubes and by measur-
ing the slope A~/u of the straight line giving the best
fit to the plotted points. The true modulus E is then
computed from this slope using the simple relation

l_ 1 AE
Z–E+; (1)

Tables V and VI show that the Young’s modulus for

Examination of
specimens showed
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the strw-strain curves for the steel
that the material could be divided

into two groups with markedly different stress-strain
curves. For the greater number of steel tubm the
curves were nearly straight until near the yield stress,
where they bent fairly sharply. In these specimens the
ratio of tensile strength to yield strength varied from
1.03 ta about 1.18. Three of these cm-ma (for speci-
mens E&,J&, IQ are shown in figure 1(a). For other
specimens, however, the slope of the curves decreased
gradually with no sharp bend. For these specimens
the ratio of tensile strength to yield strength was much
higher, rangg from 1.37 b 1.63. Figure 1(a) also gives
three of these curves (for specimens L, VO, NO). In
each of these groups th6re existed a rough association
between dHerent tensile properties. Low tensile

!,$$~m..00,? fruin, /h./[n. $.ok Sheer .stro/n, in./in.
(a) (b)

FIGURE l.-strewtmfn CWVESof obmmfnm-molybdenmn stml tnbw. Tende spmimeneJIGIf+ G with shm’pknw near the yfeld stmwth - rnt fmm tie -e tb
lwths of tnbhmeeshearepeohmm HI, RI, % IWIXMVW efmilerly tendlemeoimmej h v% NG Mth detfveb’mondd kownear the Yfdd -x@, mrnt _ the
mme thrm Iwtb aeehearspedmem L, VI, NI, mspeetIvelY. The ratio of temffe *@h to field sh%wth fn tmsfon k tio~ as a number Onad -e strw-sti

the steel tubes ranged from 27.3 to 30.2X 10Epounds
per square inch and that for the aluminum-alloy tubes
varied from 9.79 to 10.81X106 pounds per square inch.
In both groups the range of variation was close to 10
percent.

Elongations over a 2-inch gage length were deter-
mined by means of dividers; they varied from 11.5 to
32 percent for the steel tubes (table V) and from 17 to
34 percent for the aluminum-alloy tubes (table VI).
The specimens that broke at the jaws were not consid-
ered in obtaining these limits.

Tables V and VI also give the tensile strength of
each specimen. This value ranged from 88,400 to
132,900 pounds per square inch for the steel tubes and
from 62,800 to 67,000 pounds per square inch for the
aluminum-alloy tubes.

strength, high yield strength, low elongation, low ratio
of tensile strength to yield strength tend to occur ta-
gether and l@h tensile strength is associated with low
yield strength, high elongation, etc. However, no
quantitative relation could be found between the results
for materials in the two groups.

Not nearly so marked a dii7erentiationinto two groups
was apparent for the aluminum-alloy tubes. The ratio
of tensile strength to yield strength varied through a
much smallerrange, namely, from 1.27 to 1.49. Figure
2(a) shows three specimens with a relatively sharp knee
near the yield stress (l?O,JO,Mo) and three with a rela-
tively rounded lmee (lJo, so, x0). There wm again a
rough tendency for low tensile strength to occur to-
gether with high yield strength, low elongation and low
ratio of tensile strength to yield strength.
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FIOURE z—s~ carves of 17STelmrdnnmalloy tubes. TensfIe spdmem PGJojM& with relatively shorpkneenear theyield strength were out from themme tkoo
kmgtluof tnbingu shear_ensPf, JI,Mj, mpwtivelRsimIMy tansIle@ens Uke+w with relative lymnmdedhimnwr thetield $katuth wwe out~m thommo
thrw Iem3tbsasShe3rs@mem UY,Sl,X1,msPe@lwlY. The ratio of tedlestrmgth to yield stremgthfntemden isshownua numbu on eaoh tensile stres%dmtn curve.

TORSION TESTS

l?iie 3 shows the method of mounting the specimen
for test in the torsion machine. The ends of the tube
were reinforced by two steel plugs of proper diameter
and were then clamped solidly between wedge-shaped
jaws A; they were free to move in an tial direction
throughout the teat. Specimens not over 20 inches in
length werp tested in the 13,000 pound-inch pendulum-
type machine shown in iigure 3 and the lopger tubes
were teded in a 60,000 pound-inch lever-@pe machine.

The method of measuring the angle of twist under
load is also shown in iigure 3. The fixture consists of
two rings B fastened to the specimen at points 25

Fmmm X—Torsion tasthrgmachinewith 17STeltmdnnm+alloytiba in pmltioo afta,
k$t to Mm

centimeters (9.84 inches) apart by three screws C.,
Each ring carries a pair of aluminum radial arms D,
one pair carrying the scales E and the other the pointers
F. Readings were taken on both scales and averages,
were used to compensate for any effect due to bending
of the tube under load.

CALCULATION OF SEBAR STRHSH

The torsion testsgive the relation between the torque
M transmitted by the tube and the angle of twist per
unit length o produced by that torque. The stress-
strain curves in shearwere computed from these torqua-
twiat curves in the following manner.

The relation between the shear stress 7 and the
torque M in a twisted circular tube is given by the
equation:

M(0)=2m J“rPdr (2)
n

where r is the radial distance from the axis of the tube.
Tl,radius of the inner wall.
rz, radius of the outer wall.
r, sh~ stress at a distance r from the axis,

The relation between this shear stress and the shear
strain Y=ro,

7=j(-y) =j(r(?) (3)

may be found by substituting (3) in (2) and dMerenti-
ating both sides with respect to O. (See reference 6,
p. 128.) This gives the differential equrttion: e

(4)

where r#, rltl are the shear strains at the outside and
the inside wall of the tube, respectively. All quantities
in this equation are given by the dimensions of the
tube and the torque-tit curve except the stresses
f(rzfl) and j(rlO). The stress j(r#) can, therefore, be
calculated from equation (4) provided j(rlO) is known;

thissuggestsa method of step-by-step solution begin-
ning with the end of the elastic range in which j(r,~)

is Imow-n. Practically, this method of computation is
laborious and is not warranted by the accuracy of the
data for tubes as thin as those tested in the present
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investigation. It is entirely snflicient in these case9 to
use approximate methods based upon arbitrary sim-
Pmg Wnunptiom.

A number of such methods have been used, all of
them serving the purpose equally well. For this in-
vestigation the method chosen was to calculate the
stressand strain in the mmn fiber:

F=j4(r,+rJ =D~t

on the assumption that both stresses and strains in-
crease linearly with distance from the axis of the tube,
m they do in the elastic case. This calculation gave

where D=2r2 is the outside diameter of the tube and
t=rs—rl is its wall thickness. Even for the thickest

tubes tested
( )

~=0.1192 the stresms so calculated

could not differ by more than 14 percent from any stress
existing in the wall. The stresses at the mean fiber
calculated from (5) could not be in error by mom than

1.5 percent for tubes up to $=0.12. This value is the

percentage difference in the mean fiber strew for a given
twisting moment M calculated, on the one hand, by the
extreme assumption of elastic twist correspond@ to
the tit equation (5) and, on the other hand, by the
extreme nemmption of pure plastic shear (uniform
shearing stress throughout).

Figures 1(b) nnd 2(b) show a number of stress-strain
curves in shear derived from the momentAwist curve,
with the help of (5).

The nccumcy of the approximation (5) is brought out
further bya comparison of exact and rLpproximrLtermaly-

( )
sw for a relatively thick $=0.0562 steel tube tmdfor

(D - )’
one of the thickest ahuni.num-dloy tubes ‘=0 1192

The exact and the approximate stress-stmin curves for
these two tubes are shown in figures 4 and 5. In each
iigure the two curves coincide within 1 percent Ior the
most part and dtier at no point by more than 2 percent.
Their yield stiengths in shear deiined by the intersec-
tion of the sloping line with the stress-straincurve ngree
within a fraction of 1 percent.

The yield strengths obtained from the torsion tests
with the help of equation (5) are listed in table VII for
the steel tubes and in table VIII for the aluminwn-
Il~Oy tubes.

Figure 6 shows four chromium-molybdenum steel
tubes and four 17ST aluminum-alloy tubes after com-
pletion of the torsion ted. The twist gages D (@. 3)

were kept on the tubes until they failed either with n
loud snap by two-lobe buckling (specimens P,, B, fig. 6)
or until the lmee of the torque-twist curve had been
well passed. Jn the latter case the torque increased
slowly with increasing twist beyond the point at which
the gages had been removed, until failure occurred
either by gradual two-lobe buckling (Ql, J*), by helical
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deformation of the axis of the tube (Lb,&) or, as in the
case of some of the aluminum-alloy tubes, by a sudden
fracture (T,); specimen J5 (fig. 6) would probably have
failed by fracturo if it had not developed a slight two-
lobe buckle after twisting plastically through a large
angle.
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ANALYSIS OF RESULTS

(

rED1 ;; +$...
7=1–PL )

(7)
DISCUSSON OF TYPE9 OF FAILURB

Observation of the failure of thin circular tubes in
torsion has shown that three different limiting types of
failure are of particular siggcfmce in engineering
design:

1. Two-lobe buckling of the tube wall.
.2. Helical deformation of the axis of the tube.
3. Plastic yielding of the material.

The &t two @-pes are caused by elastic instability of
the twisted tube and do not necessarily involve perma-
nent deformation of the material. They have been
treated theoretically by Schwerin (reference 6).

Schwerin’s formulas for the buckling strength of

where L is the len@h of the tube.
3. If plastic yielding is wsumed to progress under

a constant and uniformly distributed stress in shear:

r = constant (8)

‘the value of the constant being equal to the stress at
which the stress-strain curve in shear becomes hori-
zontal.

The conditions of perfect symmetry and homogeneity
on which equations (6) and (7) are based are not
realized in practice. Nor will the conditions underlying
(8), i. e., yielding under constant strbss independent

FmuEE &-App@mn~ of ram chromfmn-molybdenum steel tribes (PI, QI, k JJ)and fonr 17ST akmfmm1410Y MI= (BI, JI, % TI) aftu compktfon Of tmdon
test PI, BI failed by mddon tnwloh bncklfn% QI, JI W by ~dnal twelobe bncklfn~ L% & MM by bolfwd dafommtlon of the axl%TI MM by Imoture;
J~twisted pktidly through a large angle and themfaffed by a ellebt tw~loh bnckla

long tubes may be written in terms of the ratio t/D
of wall thiclmem to outside diameter in the following
tom:

1. For two-lobe buckling

()(0.656E t ‘n
‘= l–p’ D 1+2.46+ . . .

)
(6)

where r is the critical shear stress at the mom fiber;
E, Young’s modulus; and v, Poisson’s ratio of the mate-

0rial. Terms involving } 2areneglected in the paren-

theses since they are ~m~ for tubes in which such
elastic failure can take place.

2. For buckling of the axis of the tube into a helix
$ohwerin derived the formula

of strain, be true for most materials. Tho equations
(6), (7), and (8) represent, therefore, only approxima-
tions of practical cases. The degree of approximation
for the cases of elastic buckling has been investigated
fully in an excellent paper by L. H. Donnell. (See
reference 7.) Donnell found that the experimental
value of critical shear stress for tubes was roughly 76
peroent of the calculated critical stress.

Although equations (6), (7), and (8) are only rough
approximations of practicfd cases, they give n general
idea of the effect of diileront variables upon the tor-
sional strength and upon the @o of failure. If they
were accurate representations of the behavior of tubes,
the stress at failure and the type of failure could be
predicted by computations of 7 in each of the equations
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(0), (7), rmd (8). The conditions at failure would be
those for which ~ is smallest. An analysis of this sort
was made for all the tubes tested. Young’s modulus
E and Poisson’s ratio P were taken equal to the werage
value given in (12) and (13) on page (11) below. The
values of P, E, t, D, and L being known, the critical
shear stresses given by equations (6) and (7) were
calculated.

The resulting tabulation of values of ~ as given by
equations (6) and (7) always showed l@her values for
helical twisting than for two-lobe buckling. The value
of ~ for two-lobe buckling lay above the yield strength
in shear for 55 out of the 63 steel tubes and for 90 out
of the 102 aluminum-alloy tubes. The yield strength in
shearwas taken as the stressat which the secant modulus
of the stress-straincurve in shear was% times the initial
modulus for the steel tubes and % times the initial
modulus for the ah.uninum-alloytubes. More informa-
tion concerning the factors % and % is given later.

For the remaining 8 of the steel tubes and for 3 of
the ahm.inum-alloy tubes the theoretical shear stress
for two-lobe buckling lay between that at which the
secant modulus of the stress-strain curve in shear
deviated by 2 percent from its initial value and the
yield strength in shear as just defined. For the re-
maining 9 of the aluminum-alloy tubes it lay below
the stress at which the mcnnt modulus deviated 2 per-
cent from its initial value.

It would not be correct to conclude from this analysis
that the shear stress had p=ed beyond the yield
strength in most of the tubes tested before failure took
place. That statement would be true only if the critical
shear stress for two-lobe buckling could be calculated
from (6) up to the yield stress in shear. The critical
shear stress is considerably lower than that given by
(6) if the stress-strain curve deviates gradually from
Hooke’s lam in approaching the yield strength. How-
ever, the analysis did show that considerable yielding
must have preceded failure in all but 8 of the steel
tubes and all but 12 of the aluminum-alloy tubes. For
only 9 of the aluminum-alloy tubes did the analysis
predict failure by elastic two-lobe”buckling.

It is noteworthy that none of the tubes fell into the
category of fa.ilure by helical twisting. This result
does not exclude this type of failure as a practical possi-
bility, It only indicates that none of the tubes used
in the present investigation (mrwirnumlength@ameter
ratio, LID = 80) were sufficiently long to deform into a
helix before failing either by two-lobe buckling or by
plastic failure.

Inspection of the tubes after failure (see fig. 6 and
tables VII and VIII) indicated that helical twisting did
actually occur in some of the thick-wall long tubes and
also that in the majority of the tubes the final failure
was one of two-lobe buckling. The observed helical
failuresand alsomany of the two-lobe failuresmust have
occurred after the yield strength of the material had
been reached; i. e., they must be considered as a con-

~equenceof the yielding of the material rather than the
primary cause of failure.

The concltion that helical failure, with its depend-
ence on length, must have been secondary is confirmed
by a comparison of the shear stress at failure for the 60-
inch tubes with that for the 20-inch tubes m given in
tables VII and VIII. Only the tubes failing elastically
show a consistent tendency toward lower strengths
with increase in length. However, this tendency does
not indicate the occurrence of helical failure even for
the tubes failing elastically. The lowering in strength
of the elastic tubes may be explained by the effect of
length on the stressproducing tie-lobe buckling.

If plastic failure and two-lobe failure alone controlled
the strength of the tubes, it shouId be possible to de-
scribe the strength of these tubes in terms of the vari-
ables detwmining these types of failure. The maxi-
mum median-fiber shear stressin the plastic failure of a
thin tube depends primarily on the ultimate strength
in shear of the material In a tube that buckles
elastically the maximum med.b-fiber shear stress will,
according to equation (6), vary with the ratio t/D. In
the intermediate case of plastic buckling both t/D and
the shape of the stress-shah curve in shear beyond the
proportional limit are important factors.

No tiple relation was found to describe accurately
the str--strain curves of the tubes in shear beyond the
proportional limit. An approximate idea of the stress-
strain curve may be obtained from a knowledge of both
the yield strength in shear .Ptiu and the ultimate
strength iu shear ~Wl~.The ratio of ultimate strengthen
shear to yield strength in shear may be taken as a mea-
sure of the risein the stress-straincurve beyond the yield
point. If this ratio is close to 1.0, the stress-straincurve
beyond the yield point will be nearly horizontal while a
ratio of 1.4 indicates a considerable rise in stressbeyond
the yield point; in one case the stress-strain curve will
hm-e a sharp knee near the yield point while in the other
that knee will be well rounded.

RELATTON BETWREN STRIHS-STRAIN CURVES IN SHEAR AND
ST~TRAIN CURV19 IN TENS1ON

There k still one difficulty in choosing ruuiii,rult as
the two variables that, in addition to the variable t/D,
afTect the strength of the present group of steel and
dUIliiIIUm-tiOY tubes.. Neither of these quantities is
ordinarily lmown and both can be determined from
torsion tests only when the specimen has sufficiently
thick walls so that failure occurs by yielding without
any buckling. The properties of the material that are
generally known are the yield strength in tension,
Ugtiu,and the ultimate strengg in tension, uul~. It
would be possible ta substitute these two tensile prop-
erties for the two shear properties of the material if a
simple relation of sufficient accuracy could be found
connecting the two sets of propertiw.

The existence of such a relation, particularly for the
chromium-molybdenum steel tubw, is indicated by the
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similarity in shape of stress-straincurves in tension md
in shear of specimens cut from the same tube (see
@a. 1 and 2.) Theoretical considerations (reference 5,
p. 204) indicnte that the stress-strain cume in shem
may be computed horn the stress-strain curve in
tension by simply multiplying tensile strains by 1.5
and dividing tensile stresses by ~.

The applicability of this relation to the steel tubes
was tested by using it to compute for several tub= the
stress-strain curve9 in shear bm their tensile stress
strain curves. The measured stress-strain curves in
shear and those calculated tim the tension tests were
found to agree fairly well over their entire rarqge. In
most cases it was noticed, however, that the calculated
stress-strain curve lay a small distance to the right of
the observed curve. A closer degree of coincidence
could have been obtained by choos@ a value less than
1.5 for the factor by which tensile strains must be
multiplied to obtain shear strains. This deviation
from the theoretical values is not surprising, since the
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theoretical ratios ~y and 1.5 have a sound basis only
for an idealized stress-strain curve with an idnitely
sharp knee at the yield point and no rise in stressbeyond
that point. For the same reason one would expect
the foregoing ratios not to hold for the ahuninum-rdloy
tubes in which the ratio of ultimate stxength to yield
strength was not 1, but lay between 1.3 and 1.5.

b estimate of the optimum “factors of aihity”
u/7 and Y/e connecting stress-sti curves in tension
and in shear was obtained by plotting the ratios of

yield stresses and yield strains ‘u) ‘u for each one
Tuield %cld

of the tubes tested using ~u as abscissa to bring out

the variation of the two ratios of afiinity with the change
in shape of the stress-stxain curve beyond the yield
strength. (See @g. 7 for steel tubes and fig. 8 for ahuui-
num-alloy tubes.)
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The yield strength used in these computations was
taken as that straw on the stress-strain curve at which
the secant modulus was % the elastic modulus for the
steel tubes and the stress at which it was %of the elastic
modulus for the aluminum-alloy tubes. The factors
% and % were chosen to give the same value for the
tensile yield strength of material just paasing Navy
Specifications 44T18a and 44T21 (tables I and II) as
the yield strength laid down in these specifications
(0.2 percent offset), provided the material has a Young’s
modulus of 30X 10epounds per square inch for the steel
tubes and one of 10X 10°pounds per square inch for the
dUmiUUm-tiOy tubes.. The tensile yield strengths
computed upon both definitions me listed in tables
V and ~. The averagea at the bottom of these tables
show that the % E yield strength is 2 percent higher,
cm the average, for the chromium-molybdenum steel
tubes and that the % E yield strength agrees, on the
merage, within a fraction of 1 percent with the 0.2
percent offset yield strength for the aluminum-alloy
tubes. The chief advantage of the % E and % E yield
Jtrengthsover the 0.2 percent yield strength is that it
will bring the elastic portion of the stress-strain curves
h tension into coincidence with the elastic portion of
the stress-strain curves in shear if the ordinates and
sbscissasof the tensile stress-straincurve are multiplied

by the factors ~) - respectively.

For the steel tubes (@. 7) the ratio ~ scattered

within ~ 11 percent about an average value of 1.73
. Tviezd

while the ratio — scattered through the same per-eyi,~
:entage range about an average value of 1.41. There
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is n systematic deviation fkom these average values

that becomes a maximum for tubes having %=1.3

approximately. The theoretical tity ratios W
and 1.6 are fair approximations for the stress-strain

curves approaching the idealized shape a= 1.0.u~fe~
For the ahnninum-alloy tubes (@. 8) the picture is

quite different; the ratio % lim betwean 1.3 and 1.6.

It is not surprising, therefore, that the average aihity
ratios are nowhere near the theoretical values -@ and
1.6; they are closer to 2 and 1.3. The mmirnum scatter
to each side of these average values is of the order of
*11 percent.
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The usefulness of these approximate aflini@ rela-
tions in predicting the shear stress-strsin curve from the
tensile stress-strain curve is brought out by figures 9
and 10 for a group of steel tubes and by figures 11 and
12 for a group of aluminum-alloy tubes. These figures
show the stress-straincurves in shear as computed from
those in tension by multiplying tensile strains by 1.4
for the steel tubes and by 1.3 for the aluminum-alloy
tubes and dividing the tensile stresses by ~ and 2,
respectively. The stress-strain curves in shear as
obtained directly from the torque-tit curves are
shown for comparison. The calculated curves ap-

proached those obtsined horn the test data sw%fac-
xmily; i. e., within the limits of variations of the difFer-
mt torsion testi, except in the neighborhood of the
mee, where the stressesdeviated as much as 15 percent
‘or the aluminum-alloy tubes iMl, M~, Mo (@. 11).
17hegreater deviation horn ailinity for the aluminum-
Jloy tubes as compaxed with the steel tubes is also
xcmght out by a comparison of iigure 2 with
igure 1.
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VARIATTON OF STRENGTE OF ~ES WITH DIMENSIONS AND
PHYSICAL PROPERTIIW

Variation of stresses at failure.-lt has been stated
that the tubes tested failed either by plastic torsion,
two-lobe buckliwz, or a failure intermediate betwean
these and that tie strength of the tube should there-
fore depend on the variables detmnining those three
types of failure. For a tube of given metal, i. e., given
elastic constants, the length of which is in the range
where its effect is negligible, these variables are the
wall thickness over diameter ratio t/ii,and at least two
variables describing the plastic propertiw in shear of
the tube maW; e. g., the yield point in shear, rr{,u.
and the uhmat e strength m shear,7X1~.In the previous
section it was shown that the shear properties and
tensile properties of the tube material were roughly
siffine. The lsst two variables may therefore be re-
placed by the corresponding tensile propertk, i. e.,
U,i,u and Uul,. In general, then, one would expect that
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the mtiurn shearing stress of the tubes would follow
a relation of the type:

It is necessary to reduce the number of independent
variables from 3 to 2 in order to represent the results as
a family of curves on a sheet of paper. This reduction
ma,y be accomplished by trying various relations be-
tween r- and one of the independent variables and
then choosing the one that gives the most consistent
behavior for the experimental points. After a number

r t

tubes (fig. 13) show a large matter throughout the range
tested. This result would be expectad from the con-

siderable variation in the ratio ~ and the values ofu~f’~
uut~itself (table V). The points for the ahuninu.m-
alloy tubes (fig. 14) fall close to a common curve except
for the very thin tubes, which failed by elastic buckling.
Figure 14 clearly shows a segregation into the three
types of failure that were observed; i. e., failure by ela5
tic two-lobe buckling on the extreme left, failure by a
combination of yielding in shear and buckling in the
middle, failure in pure shear on the extreme right,
The two extreme types of failure are understood fairly
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of trials the most consistent
tubes was found by plotting:

behavior for the steel

(lo)

The factor ~ was chosen to make the ordinates close
to 1 for most of the tubes.

For the aluminum-alloy tubes it appeared preferable
to plot:

(11)

The corresponding plots using t/D as abscissa and the
term on the left as ordinate are shown in iigures 13 and
14 for the two groups of tubes. The points for the steel

well. The theoretical shearing stress at failure for a
long tube failing elastically is given by equation (6);
for tubes of hits length, it can either be derived from
Schwerin’s theory (reference 6) or it can be read off di-
rectly horn the curves computed by Donnell (reference
7). (The three curves shown for elastic two-lobe buck-
ling in figs. 13 sad 14 correspond to minimum, average,
and mssimum values of uvf,u and utir~,respectively, as
measured for the tubes tested.)

Figures 13 and 14 show that no more than 7 of the
steel tubes and no more than 20 of the aluminum-alloy
tubes can be considered as having failed by elastic
buokling; this number includes the tubes lying in the
transition region between elastic failure and combincxl
failure as well as those definitely to the left of it. The
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approximate analysis in an earlier section of thi9 paper
had predicted that 8 of the steel tubes and 11 of the
rduminum-alloy tubes should have fallen into this cate-
gory, The agreement, though not close, is sufficient
considering the uncertainty of the assumptions made,
especially those relative to the limit above which
combined frdure must be expected.

In every case of elastic buckl@ the long tubes failed
at a lower stress than the short ones, the difference
exceeding 30 percant in some cams. Schwerin’s for-
mula for long tubes (equation (6)) is not sufficient,
therefore, to describe the strength of the short tubes
failing elasticaUy. An adequate comparison with the
theoqy must include the effect of length as cotidered
in general by Schwerin (reference 6) and in detail by
Donnell (reference 7). Donnell has shown that the
eilect of length L, thickness t, and diameter D on the
strength in torsion of an elastic tube may be repre-
sented on a single curve by plotting

—

as n function of

J=41+,;

Niguro 15 shows the curves derived by DonnelI for
tubes with hinged edges and with clamped edges tc-
gether with Schwerin’s curve for infinitely long tubes.
The individual points represent the observed valuea of
B=f(J) computed from the observed shear stress at
failure and the dimensions of the tube and the folIowing
elastic constants: for chromium-molybdenum steel
tubes,

from:

E=28,600,000 pounds per square inch, P= O.235, (12)

for 17ST aluminum-alloy tuba,

E=1O,43O,OOOpounds per square inch, P= O.319. (13)
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The Young’s moduli represent average values of the
modulus measured in the tension test (tabk.s V and
VI). The valuea for Poisson’s ratio represent an nver-
age of values calculated for each size of tube from the

‘euhOmmlatiOn ~=%
– 1. This relation is strictly

true only for perfectly isotropic material obeying
Hooke’s Law. The relatively low value of P for the
steel tubes may be due partly to lack of isotropy of the
material. It did not seem worth while to investigate
this in view of the small effect of a change in JIon the
critical stressof a thin tube as given by iigure 15. The
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points for the steel tubes are scattered over the same
region as those obtained by Donnell in tests on steel
tubes buckling with two lobes (crosses); they are
on the average nbout 26 percent below the curve for a
tube with hinged edges. The points for the ahnni.num-
nlloy tubes are somewhat higher, scattering through a
range of about +25 percent about the curve with hiwged
e@es. A few points fell into the border region between
two-lobe and three-lobe failure. Examination of the
corresponding tubes indicated a failure which may have
started with three lobes but which ended with two lobes
as the deformation increased. No definite reason can
be assigned for the greater strengths of the ahnninum-
alloy tubes; possibly the closer tolerances within which
the tubes are manufactured permit them to develop
more nearly the full theoretical strength of the ideal
tube. All of the tubes except one showed strengths
greater than that given by Schwerin’s formula for
infhitdy long tubes. Donnell’s curve for hinged
edges may, therefore, be taken as a fair estimate of the
probable strength of the tubes failing elastically while
%hwerin’s formula may be U@ to give a lower limit
of their strength.

Failure in plastic shear may be expected when the
shear stressreaches a wilue equal to the ultimate shear
ShI@hj Ta w of the material. In the case of the
steel tubes (@. 13) this assumption leads to a family of
horizontal straight lines having the ordinate

& .@u,, a.,,—.
gvtild u~z~ug~~

Only 2 of the 63 steel tubes tested fell into the region of
faihuw in pill% shear. Th%e two were insufficient to.
estnbhsh a value for the ratIo TulduuIf. In the absence
of adequate test data it was decided to assume this
ratio to be the same as that of the yield strengths:

‘“”=+%lt=o.577 U=l’ (14)

This assumption is believed to be conservative since the
corresponding ratio of ultimate stre9ses for the alumi-
num-alloy tubes ww.sfound to be about 10 percent
higher; i. e., 0.64. Converting equation (14) into the
ordinates used in 5gure 13 gives the family of horizontal
lines:

r~[t u~lf
a—=—u#&u u~~u

Ii the case of the aluminum-alloy tubes (fig. 14) 18
of the points fall into the region of plastic shear. They
scatter about a common horizontal line with the ordi-
nate

2;,=1.28 (15)

For the aluminum-alloy tubes, therefore, the ultimate
strength in plastic shear is about 64 percent of the ulti-
mate strength in tension.

It is seen, after drawing the curves corresponding to
elastic failure for a long tube .as given by equation (6)
rmd the horizontal stiaight lima corresponding to
failure by plastic shear, that most of the points fall
into the intermediate region. For the aluminum-alloy
tubes the individual points seem to fall about a common
straight line increasing with the t/D ratio. The points
for the steel tubes in figure 13 show too great a sc~tter
to suggest the type of variation -with t/D at a glance;
however, it appears, after segregating the points into
groups with nearly constant ratio ugJutij,u that a
linear increase with t/D is the simplest variation that
gives an approximate fit. It remains to find an em-
pirical relation between the stress ratio at failure and
the ratio auztiutitiw. A number of formukia were tried
and the best fit, was obtained with a formula of the
@e:

%=”N%-’)+’ (16)

where a and b are constants. Evaluating these con-
stants by least squares gave a = 15.27 and b=0.981 so
that the stressratio at failure of the chromium-molybde-
num steel tubes buckling plastically may be expressed
by the empirical formula:

J% t u=~, (0.02 <~<0.07)— = 1527m(u#f6M
)

——1 +0.981,
Uqtild (L/D< 80). (17)

The stress ratios calculated from this formula are
plotted against the observed stress ratios in figure 16.
The points scatter about 5 percent to either side of the

+3 T
~ observed

FIQIJBE.l&-Comr@ri&m of cfdmdatd and otuerved .9ti%s3ratim for ohrorrdum.
molybdenum steal tmbes.

‘ine of exact agreement. The corresponding empirical
!ormula for the plastic buckling of the aluminum-alloy
robes was also evaluated with the help of least squares;
t maybe written as:
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~=4.48@2~06~
(

0.022<~<0.085,~560
u~?; )

. (18)

The lower limit of ~ =0.022 corresponds to the cut-off

of the empirical formula by Schwwrin’s curve for long
tubes, Data on torsion wts of short tubes kindly
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FIaum17.-Comparimn of mknlated ond otmrved ~ ratim for 17STalnmkmm-
awytoix!x

&44.s++02Mm

for, 0.I?22<-jj <0.C35.

supplied by the Aluminum Compmy
dicnte that the cut-off for short tubes

1

of Americn in-
can be moved

to smallervalues of ~ The testsmade by theAluminurn

Company of America (Physical Test Report No. 3140)

on 13 17ST tubes having rL~ ratio ranging from 0.0095

to 0.02 and cm
L
~=4.8, indicate that the stiaight line

(18) may be extended to the left down to &=o.09 at

which point it is cut off by Donnell’s curve (see fig. 15)

for ~=4.8. Tests on 23 further tubes with ~=7 ~d

with ~ranging from 0.018 to 0.099 were found to scatter

uniformly about the straight lines given by (18) and
(16). The stress ratios calculated from formula (18)
are compared with the observed stressratios in figure 17,

l?heindividual points scatter about 4 percent to either
ide of the line of exact agreement.

Design charts for twisting moment producing fail-
me.—Designers are usually more interested in expres-
ing the torsional strength of a tube in terms of torque
ztfailurerather than in terms of the mean fiber stress7
it failure. The value of r had originally been derived
?romM by relation (5), so that r and M are connected
by the formula:

‘=%-%+2(33’ ‘1’)
Formulas for M for the three types of failure maybe

~btained from equation (19) by substituting for ~
thevalue obtained horn Donnell’s work (fig. 15) for the
me of elastic failure, from equations (17) and (18) for
bhe case of combined failure, and from equations (14)
md (15) for the case of plastic failure.

Elastic failure by two-lobe buckling depends, accord-
hg to Donnell, on the length as well as on the wall-
thiclmess ratio t/D of the tube. I?or long tubes (fig.
15) the length effect is small, however, and the actual
Jtrength of the tube will be only a few percent
yeatar than that given by Schwerin’s formula (6) in
dich the length does not enter.

Substituting equations (6), (17), (14), and (12) in
3quation (19) gives the following formulas for the
twistingtorque at failure of the chiomium-molybdenum
steel tubes: two-lobe buckling failure of a long tube:

( )OS ~< 0.024

combined plastic failure and buckling:

—

1(+0.981 , 0.015> ~ >0.092
)

(21)

failure in pure shear:

The ranges of t/D for which each one of these formulas
holds overlap because the bonndmy between the diiler-
ent types of failure depends on uvf.~ and UUUb addition
to -&/D.The proper type of formula to use in any given
case is the one that gives the lowest twisting moment M.
In the speciaJ case of a material for which u~lt=u~i,~,
it iE seen that combined failure according to equation
(21) should always occur in preference to failure in
pure shear, the torque for combined failure being about
2 percent less than that for pure shear. Actually the
2 percent variation is not significsmt; the experimental
scatter of points would produce an uncertainty of this
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order in the fitting of the empirical relation (17) by
least squares. For material having a stress-strain
curve such that util~=uVf,uequations (21) and (22)
should coincide since a tube of such materkd would not
be able to carry more than the yield stress in torsion of
the materiil.

The equations (20), (21), and (22) cannot be ex-
pressed in Cartesian coordinate as a single curve or
even as a family of curves because they contain the

show them as a &gle cu%e in a nomographic chart
connecting the first three variables, UY{.Umust be

expressed as a function of= of a type form;
~Qtild

(23)

which converts equation (2o) into the same type form
as equation (21). Evaluating % and c, to give the best
fit to the observed values of the tensile yield strengg

plotted m a function of au gave the foIlowing relation

for (23):

Figure 18 shows the nomogram that was derived from
equations (21) and (22) after substituting equation (24)
in (20). Two examples illustrate the use of this
nomogram.

1. Find the wall thickness of a 2-iuch chromium-
molybdenum steel tube 4 feet long that will fail when
subjected to a torque of 2,500 lb.-ft. The tensile
yield strength of the tube material is 80,000 pounds
per square inch and its tensile ultimate strength is
100,000 pounds per square inch.

Anmmr. The tube falls within the range of dimen-
sions and properties of those tested so that iigure 18
may be appI.iedto compute its wall thickness.

Gulf—==0=1.25Uvti,d 80000

D+&=;:;o:;= 0“04’9

Comecting these points on the nomogram (dotted
line, fig. 18) gives:

$=0.0487, t=2X0.0487=0.0974 inch.

Failure by combined plastic shear and buckling may
be expected.

2. Find the wall thiclmess of a 1j@ch chromium-
molybdenum steel tube 5 feet long that will faiI -when
subjected to a torque of 600 lb.-ft. The tensile yield
strength of the tube material is 75,000 pounds per I
square inch and its tensile ultimate strength is 95,OOO
pounds per square inch.

AmwYer. The tube falls within the range of dimen-
sions and properties of those tested so that figure 18
may be applied to compute it.

G.,, 95,000
G= W=1”267

M 600X12
~u ‘1.53X75,000 =0.0284

Connecting these points on the nomogram (dotted
line, @g. 18) gives two intersections as follows:

~=0.0229, &O.0302.

The first value corresponds to two-lobe buckling as a
long tube and the second, to combined failure. A
heavier tube is required to resist combined failure than
to resist buckling; hence combined failure is more
likely to occur. The wall thiclmess must be chosen as

i=l.5X0.0302=0.0453 inch.

Frequently materhl is required to satisfy certoin
specifications for minimum’ yield strength and tensile
strength.

Design curves for such material may easily be derived
either from equations (2o), (21), and (22) or from
figure 18 by the substitution of the specified vduea of
UtiZLwd UVUU.Figure 19 shows a design chart for
detaminin g the size of chromium-molybdenum steel
tubes 19 to 60 inches in length that just meet the mini-
mum requirements of Navy Specifications 44T18 and
44T18a (table I).

The material of the tube specified in problem 2
just meets Navy Speci6cation 44T18rL. The curve of
iignre 19 can, therefore, be applied directly to solve
problem 2.

M 600X12 7200
D= 1.53 =~=2,130 lb./sq. in.

The ordinate ~=2,130 intersects curve B at ~=0.03.

A vertical through the point of intersection extending
into the lower half of the chart intersects the inclined
line for D=l.5 inch at a value of t= O.045 inch. This
solution coincides with the one obtained from the nomo-
gram of iigure 18.

Design charts for the aluminum-alloy tubes may be
obtained by substituting the expressions for critical
stiess given by equations (6), (18), and (16) into equa-
tion (19). If, in addition, the values given in equation
(13) for the elastic constants E and p are substituted,
the following three equations axe obtained for the
torque at failure.

For elastic two-lobe buckling of a long tube according
to Schwerin:

M
–=1”2::07(*Yn(1+0+)’@ <~<002)’ ‘2’)P13.at
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Fmmcc1%—Mgn clmt for tnrsfoml strengthof chromfum+nolykdannmSW tntw M inch= lo~ satkiying Navy
SpwMmtion 44TlS (u.rt.w~ lb./sq. h, atiM=6&lWl lbJsq. in.) and Navy SpszdEcatfon44TlSo (u.u.9W0
lb~w. in, UAU=76WI lbJsq. h.).

for combined plastic failure and two-lobe buckling: ingly, be described with the help of the three variables

M ( x—=0.394 ;
)

1+15.9; –33.7g ,
~%lt

(0.02<j<0.088),

for faihre in pure shear:

M
—=1.005
DCTUZ, (@;+%J’

(0.088<;<0.12).

(26)

(27)

The strength of the aluminum-alloy tubes can, accord-’

IM
—) USU,and ~. Only the two variables& rmd$D%ul,

are needed if curves of (26) are plotted for given values
of uul~as in figure 14. This procedure results in figge
20. A simple example will illustrate the use of these
Curves.

Eind the wall thiokness of a 2-inch 17ST aluminum-
alloy tube 5 feet long that will fail when subjected to a
torque of 2,000 lb.-ft. The tensile strength of the tube
material is 68,OOOpounds per square inch.

Amnwr.-The tube falls within the range of dimen-
sions and properties of those tested so that figure 20
may be applied to compute it.
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FIQUEE 20.-Deslgn dart for tOl’3iOlldstreuth of 17ST d@IU1l-~OYtabm.

M 2,000X12=0 ~1
~,=23x08,000 .

According to figure 20, this corrw.ponds to

;=0.061, t= O.061X2=0.122 inch.

The wall thickness of the tube that may be expected
to fail under about 2,000 lb.-ft. torque would be 0.122
inch.

A design chart similar to figure 19 may be derived
from figure 20 for alumhm-alloy material required to
satisfy certain specifications for minimum tensile
strength. Figure 21 shows such a chart for 17ST tubing
complying with Navy Specification 44T21 (table II);
the upper half of the iigure wns constructed from iigure
20 by substituting 55,000 pounds per square inch for
Uull,while the lower half is a set of straight lines cor-
responding to commercially available diameters of 17ST
tubing. The following example illustrate the use of
figure 21.

I?ind the wall thickness of a 2-inch 17ST aluminum-
idloy tube 5 feet long that will fail when subjected to
rLtorque of 1,000 lb.-ft. The material of the tube shall
just meet Navy Specification 44T21.

The tube falls within the range of dimensions and
propmties of those tested so that il.gure 21 may be
npplied to compute it.

M 1000X12=1 500
iF= 23 ‘

It is seen that by following the dotted line in figure
21 that this value corresponds to a wall thickness of
i= O.086inch in a tube 2 inches in diameter.

.
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TABLE V.—TENSJLE AND HARDNESS PROPERT~ OF CHROMIUM-MOLYBDENUM STEEL TUBES

533

s@-
man

Ybld atrt@h Vfa?mrannmbars
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bmmt,

no
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Ias
l&5
17.2
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17.0
320
~:
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lL5
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10.0
17.0

H’
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2.34
m
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214
m

E
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Lll
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L 10
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L13
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● StressatWbhh strainemain= by O.OZ fndln.
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TABLE VI.—TENSILE AND HARDNESS PROPERTIES OF 17ST ALUMINUM-ALLOY TUBES
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TABLE VH.-RESULTS OF TORSION TEf3TS OF CHROMIUM-MOLYBDENUM STEEL TUBES

“ ‘l’YW-Of~IU% I- hddcd by Immtlon of tube afta removalfromtest ~
b ExtrwJlated value.

—.-
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TABLE VHI.-RESULTS OF TORSION TESTS OF 17ST ALUMINUM-ALLOY TUBES

“ ‘MM ~ f~l~ ss hd4uti by 4KLSPMMOIIof tube aftm mmovd from w fiztme.


